A B S T R A C T The low density lipoproteins (LDL) 
INTRODUCTION
In an accompanying report (1) we show that low and high density lipoprotein fractions and subfractions of patients with familial lecithin: cholesterol acyltransferase (LCAT) 1 deficiency are abnormal by gel filtration, analytical ultracentrifugation, electrophoresis, and chemical analysis. In the present investigation we have studied the morphology of the same fractions and subfractions by electron microscopy. We have endeavored to correlate the structures with the other known properties of the lipoproteins and to compare them with those of normal lipoproteins in order to obtain further insight concerning the nature of protein-lipid interactions in plasma lipoproteins METHODS Materials. Plasma lipoproteins were obtained from the patients and normal individuals described in the accompanying report (1) . Although the structure of lipoproteins from both A. R. and A. A. was studied, the micrographs shown here are all of plasma fractions from A. A. However, the structures of the various lipoprotein fractions were comparable in both subjects. The methods employed for isolating the various fractions and subfractions as well as some physical and chemical properties of the fractions are also given in the accompanying article (1) .
Electron microscopy. Small aliquots of lipoproteins were mixed with an equal volume of 2% sodium phosphotungstate (PTA), pH 7.4, and a droplet was placed on a Form-'Abbreviations used in this paper: HDL, high density lipo- Fig. 1 shows typical structures of LDL fractions isolated by preparative utracentrifugation (d 1.019-1.063 g/ml) from the plasma of a normal subject (Fig. 1 A) and from patient A. A. (Fig. 1 B) . Normal LDL particles are quite uniform in size ranging from 200 to 290 A in diameter with 79% of the particles between 210 and 250 A. The inset in Fig. 1 A is a high magnification micrograph of normal LDL; the particles are approximately spherical and show surface irregularities which suggest a fine structure. The LDL from A. A. (Fig. 1 B) are comprised of at least two distinct populations of particles; one consists of large particles which often exceed 1000 A, whereas the other is similar to normal LDL in shape and size (74% between 210 and 250 A). The inset in Fig. 1 B is a high magnification micrograph of a small particle; surface fine structure is apparent (see edge of particle indicated by arrow).
RESULTS

Low density lipoproteins (LDL).
Large and small molecular weight LDL that correspond to the large and small particles can be isolated by gel filtration on columns of 2% agarose gel (1) . The majority of particles in the large molecular weight subfraction ( Fig. 2 ) range in size from 900 to 1200 A. They appear to be flattened as evidenced by the overlapped areas indicated by the arrows. The flattening may be artifactual since negative staining of large particles such as chylomicrons also results in a certain amount of flattening (2) . The speckled appearance of the large particles suggests that they are made up of subunits. The diameters of these subunits are difficult to measure but appear to be in the range of 130-170 A. The small molecular weight subfraction mainly contains particles similar in shape and size to the smaller particles in Fig. 1 B, although larger particles also are occasionally present.
High density lipoproteins (HDL). Fig. 3 compares the structures of HDL from plasma of a normal subject (Fig. 3 A) with that from patient A. A. (Fig. 3 B) . Normal HDL particles range from 70 to 100 A in diameter and typically form hexagonal arrays in areas of high particle concentration. The inset shows fine structure of these particles at greater magnification and confirms previous observations (2, 3) that the HDL particles appear to be composed of several subunits.
The most striking feature of the HDL of A. A. (Fig.  3 B) is the appearance of stacked structures which display a very regular periodicity of 50-55 A. The width of the units which make up the stacks varies from 100 to 300 A; however, the majority are 150-200 A. The length of the stacks varies from 2 to over 50 distinct units and appears to be concentration dependent since in more dilute preparations the stacks are much shorter. A substantial number of freestanding particles with circular profiles are also present in the micrograph; their diam-FIGURE 2 Large molecular weight LDL fraction isolated by gel filtration on 2% agarose gel.
The structures are extremely large and are apparently flattened as indicated by overlapped structures (arrow). The large structures have a speckled appearance which suggests a fine structure consisting of many small subunits. X 148,000. (Fig. 4 B) and in this respect more nearly resemble normal HDL. However, these small particles are not found in a hexagonal array when concentrated during drying.
As in the case of the LDL, large and small molecular weight HDL that correspond to the large and small particles can be isolated by gel filtration (1). An electron micrograph of the large molecular weight HDL obtained by filtration through a column of Sephadex G200 is shown in Fig. 5 eters range between 100 and 250 A, but the majority are between 150 and 200 A. Occasionally these particles show a suggestion of substructure consisting of several subunits in the form of a rosette. Such fine structural detail is revealed in the inset (Fig. 3 B) 
DISCUSSION
In the accompanying paper (1) we show that many of the physical and chemical properties of the LDL and HDL of patients with familial LCAT deficiency are abnormal. Consistent with these observations, the present study shows that the LDL and HDL are also abnormal when viewed in the electron microscope. The presence of a wide range of particles in the LDL fraction is consistent with the heterogeneous flotation pattern (1) . The large, flattened LDL particles are highly abnormal, although similar structures have been observed in the LDL of two patients with biliary obstruction. Because many of the particles are about 1000 A in diameter, they could account for the light scattering properties of the infranatant after preparative ultracentrifugation (1). The fine structural details of the large particles suggest that the latter may be composed of smaller subunits. However, the nature of the subunits is unknown. The smaller LDL, 210-250 A in diameter, are similar in appearance to normal LDL, which is interesting in view of the fact that their lipid composition is so abnormal (1). (2, 4) . Note that the normal HDL are shown to be composed of six subunits, but that this is only an average value. In the representation of the aggregated large molecular weight HDL of the patient (A. A.), the light bands indicate disclike particles, and the dark bands indicate the hydrophilic, PTA-containing space. In the side view of the small molecular weight HDL, no structures similar to those shown for normal HDL are shown. They may exist, but they have not as yet been seen. The great diversity of particle sizes seen in the HDL fraction is compatible with the heterogeneity indicated on analytical ultracentrifugation and gel filtration (1) . However, aggregation of the disc-shaped HDL into stacks is probably an artifact caused by concentration during drying. The fact that shorter stacks are observed in preparations made from more dilute HDL solutions has already been mentioned. Also, the behavior of the large molecular weight HDL on gel filtration and analytical ultracentrifugation (1) would suggest separate discs and not large aggregates. Presumably, the geometry of the discs favors the formation of stacks as the lipoprotein solution becomes concentrated during drying; a similar phenomenon has been shown for ringlike erythrocyte membrane subunits during negative staining (5) . Normal HDL, on the other hand, never form stacked structures during drying, but rather pack in a hexagonal array. Such a packing arrangement may result from their more nearly spherical geometry, as suggested in the diagram in Fig. 7 and their uniformity of size.
The 50-55 A periodicity of the stacked discs is very similar to the periodicity of the lamellar, bilayer structures seen in negatively stained phospholipid or phospholipid-cholesterol dispersions (6, 7) . Very recently, structures resembling the HDL stacked discs have been described by Howell, Lucy, Pirola, and Bouchler (8) for macromolecular assemblies of phospholipid and cholesterol with bile salts. Like these structures, the abnormal large molecular weight HDL particles may represent a mixed aggregate of phospholipid and cholesterol, which in this case is stabilized by the HDL protein. The protein is presumably responsible for the subunit character of the entire structure. The formation of disclike particles instead of more nearly spherical ones is probably promoted by the near absence of nonpolar "core" lipids. Indeed, studies being carried out at the present time indicate that stacked discs can be formed "in vitro" with mixtures of HDL peptides plus phospholipid or phospholipid and unesterified cholesterol. With the addition of cholesteryl ester to the peptide-phospholipidunesterified cholesterol mixture, structures approaching those of normal HDL are primarily formed, and stacked discs are rarely seen. Thus cholesteryl esters may prevent disc formation by favoring a more spherical configuration. Further evidence for the importance of nonpolar lipids in maintaining HDL structure has been suggested by the reconstitution work of Scanu et al. (9) . These investigators showed that only upon the addition of both polar and nonpolar lipids to apo-HDL was it possible to assemble HDL macromolecules with properties similar to native HDL. ' Forte, T., S. Lux, E. Gong, R. I. Levy, and A. V. Nichols. Unpublished observations. The small molecular weight HDL subfraction obtained by gel filtration is not comprised simply of dissociated subunits of the larger, disc-shaped HDL, although the apparent size (50-55 A) of the subunits of the larger HDL (inset, Fig. 3 B) might be consistent with an aggregation-disaggregation relationship. Neither discs nor stacks of discs are formed upon electron microscopy of the small molecular weight HDL (Fig. 6) . Also, the two HDL subfractions differ greatly in lipid composition, electrophoretic mobility (1), and reactivity toward LCAT (10) . Although the small molecular weight HDL constitute only a small fraction of the HDL of LCATdeficient plasma, they are highly interesting. Many of the particles seen in the small molecular weight subfraction are smaller than the particles normally observed in preparations of HDLs. Comparable particles may be present in small concentrations in normal plasma, since particles with similar flotation properties are observed upon analytical ultracentrifugation of normal HDL (1), and since observations by Glomset, Janssen, Kennedy, and Dobbins (10) of HDL subfractions obtained by gel filtration suggest that HDL of smaller dimensions than HDL, probably exist. These small molecular weight HDL may be functionally significant. Glomset, Norum, and King (11) have shown that the small molecular weight HDL of the patients serve as effective substrates for LCAT and have postulated that they may constitute recently secreted HDL. This is a possibility that clearly warrants further investigation.
